We report the preparation, X-ray structure, chemical properties, and electron paramagnetic resonance (EPR) studies at Q and X-bands and temperature (mainly) T = 293 K of powder and oriented single crystal samples of the new compound [Cu(N 0 
Introduction
Molecular materials are part of a multidisciplinary research field involving physicists, chemists, biochemists and technologists aiming to prepare, to characterize, and to use materials obtained by assembling together simpler inorganic and/or organic compounds. They are useful for basic and for technical applications (electrical, magnetic, optical, etc.), 1,2 and also for biological purposes (e.g., pharmacological applications 3, 4 ). The study of new compounds in connection with their applications promoted progress in coordination chemistry, and understanding the relationships between the molecular structure and the properties provides important tools to aid the design of new compounds to be applied for specific purposes. The number and complex nature of the interactions between molecules challenge devising a CEITEC -Central European Institute of Technology, quantitative relationships between structure and behaviour. Collecting data for convenient compounds, it may be possible to understand the roles of particular structural features in the properties of the molecule. In this way, new qualitative and quantitative correlations between a parameter and its particular effects may be found.
Within the domain of molecular materials with specific magnetic properties, single-molecule magnets 5,6 provide a 1 : 1 ratio between quasi-static switchable magnetic moments and molecules in the sample. An important property is the bridges between metal ions or molecules that mediate magnetic interactions between the magnetic centres they interlink. 7 By molecular-programmed synthetic routes, different ligands are used as spacers acting as the bridges that build nuclearity-controlled metal assemblies. The great variety of obtained materials instigated a lot of research effort in an attempt to model thermodynamic, biological, and quantum mechanical problems.
Following investigations that started more than a century ago, 8 we prepared new Cu-acylthiourea compounds relevant for their pharmacological properties. 9, 10 We measured their crystal structures and collected electron paramagnetic resonance (EPR) spectra in powder and oriented single crystal samples. Here we report results for the compound [Cu(N 0 ,N 0 -dimethyl-N 0benzoylthiourea)(2,2 0 -bipyridine)Cl] (to be called CuBMB), which proved to be very appropriate for studying quantum and magnetic behaviour of materials with weak intermolecular exchange interactions (J i ) between metal ions. CuBMB is paramagnetic, with long non-covalent chemical paths supporting very weak interactions between neighbour copper spins. Thermodynamic variables such as susceptibility, magnetization, and specific heat depend on the energies of the levels which are related to the J i and contribute information only in the rarely achieved range of extremely low T r | J i |/k B . The temperature of our experiments also precludes the possibility of thermodynamic phase transitions. On the other hand, weak interactions generate traveling spin excitations related to the spin dynamics that strongly modify the EPR spectra.
Gorter and Van Vleck 11 introduced the concept of exchange narrowing to explain EPR results in metal compounds. Their idea was developed by Anderson 12, 13 and Kubo 14 into the classic theory of exchange narrowing 15, 16 explaining the changes of the line widths and the merging of the EPR spectra of a spin system produced by the exchange couplings. Yokota and Koide 17 applied these ideas to compounds containing magnetically non-equivalent metal sites with anisotropic g-matrices. In those early times, detailed EPR results were scarce because of instrumental limitations, and restrained detection of fine aspects of the process. More recently, data collected from single crystals allowed evaluating selectively weak magnitudes of J i which may be correlated to the electronic structure of the paths connecting metal ions. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In a few cases where thermodynamic data at very low T also existed, good agreement was obtained between the values of J i obtained by both methods. 28, 29 The merging phenomenon in EPR was treated by Hoffmann et al. [18] [19] [20] from the point of view of classical Bloch equations. 30 They collected data on small exchange coupling between metal ions at distances up to 25 Å and proposed an empirical formula 20 that allows estimation of the small exchange coupling between metal spins at long distances, complementing earlier results of Coffman and Buettner, 31 and providing new ideas and useful bibliographic support.
The EPR results reported here reveal novel properties of the exchange narrowing processes that manifest as a quantum phase transition between phases characterized by split and by fully merged EPR spectra of rotated copper ions in the lattice. This condition is related to the quantum entanglement of the spins, which in our experiments is tuned with the magnitude and orientation of the applied magnetic field B 0 = m 0 H (m 0 is the permeability of a vacuum). The collective state of the spin system changes between that for an array of uncoupled Cu ions, to that for a quantum-entangled spin array using the anisotropy of the g-matrix of the copper ions and varying the orientation of B 0 . Following the spectral changes we cross a magnetic phase transition relevant to problems such as avoided level crossings, [32] [33] [34] [35] [36] [37] Bose-Einstein condensation, 38 interacting metal-dimeric arrays, [39] [40] [41] [42] [43] and quantum dynamical phase transitions, 44, 45 where small interactions between magnetic molecules play relevant roles, 46 and EPR experiments provide useful information. CuBMB has unprecedented advantages to study experimentally these effects and update the understanding of the exchange narrowing and spectral collapse phenomena of EPR lines. Our results provide a new approach to interpret the problem and, in addition, we estimate isotropic spin-spin interactions | J i | B 0.03-0.1 cm À1 between coppers in CuBMB and discuss their relation with the structure of the chemical paths connecting them. Regarding the individual behaviour of CuBMB molecules, our EPR studies of single crystal samples at the Q-band show that, as a consequence of the structural distortion of the copper site, the electronic wave function displays unusual characteristics that are further investigated with DFT calculations. In a future paper we will treat the pharmacological properties of CuBMB and of several other similar Cu derivatives of acylthiourea, which are mostly related to intramolecular (instead of intermolecular) interactions.
Materials and methods

Material preparation
The solvents used in the reactions were purified by standard methods. IR spectra were recorded on a FT-IR Bomem-Michelson 102 spectrometer in the range 4000-250 cm À1 at 293 K, using KBr pellets. Elemental analyses were carried out by the micro analytical laboratory at the Chemistry Department of the Federal University of São Carlos using an EA 1108 CHNS microanalyser (Fisons Instruments). Conductivity analyses were performed using a Micronal model B-330 connected to a Pt electrode with a cell constant equal to 0.089 cm À1 , using 1.0 mM solutions of the complex in acetone. The molar conductance measurements were carried out in dichloromethane and the result 2.25 S cm 2 mol À1 is consistent with a neutral type of compounds. The acylthiourea ligand (L = N 0 ,N 0 -dimethyl-N 0 -benzoylthiourea) was synthesized following a previous report. 47 The complex [Cu(bipy)(L)Cl], (bipy = 2,2 0 -bipyridine) was prepared in good yield (77%) at room T (see Scheme 1) . The ligand L (0.13 g, 0.64 mmol) and NaOH (0.03 g, 0.64 mmol) dissolved in 5 mL of methanol were added to a methanolic solution (15 mL) of CuCl 2 Á2H 2 O (0.10 g, 0.59 mmol) and stirred for 0.5 h. Afterwards, the bipyridine ligand (0.10 g, 0.64 mmol), previously dissolved in methanol (5 mL), was added and the resulting solution was stirred for 5 h. The product was filtered off, washed with diethyl ether (10 mL) and dried under a vacuum. Emerald-green color crystals were obtained by slow evaporation of dichloromethane/methanol solution. The complex is air-stable, exhibiting satisfactory elemental analysis data. ‡
X-ray diffractometer and software
Single crystal X-ray diffraction measurements were performed on an Enraf-Nonius Kappa-CCD and Apex II Duo diffractometer with graphite monochromated MoKa radiation (l = 0.71073 Å). Data collection was carried out using the Collect software 48 and the structure was obtained by the direct method using SHELXS-97. 49 The Gaussian absorption correction was applied, 50 and tables and structure representations were generated by WinGX 51 and Mercury, 52 respectively.
EPR methods
We used a Varian EPR spectrometer working at B35.2 GHz (Q-band) and at B9.52 GHz (X-band). A single crystal of B2 Â 1.5 Â 1 mm 3 was mounted with the ac plane glued with vacuum grease on top of a cubic sample holder made of cleaved KCl, as displayed in Fig. 1 (sample montage abc*). After collecting the EPR data for this sample, the crystal was rotated 401 as shown in Fig. 1b (sample montage vbu), so the ac* plane in sample abc*, and the uv plane in sample vbu, differ by a shift of 401 in the angular coordinate. In each case, the sample-holder was glued with different faces in the horizontal plane on top of a pedestal inside the microwave cavity in order to collect spectra with B 0 in the planes parallel to the faces of the holder, rotating the magnet (Q-band), or the holder with a goniometer (X-band). Most measurements were performed at T = 293 K, with B0.1 mT amplitude of 100 kHz field modulation, and 10 mW microwave power, precluding spectral saturation. We calibrated B 0 /n measuring the position of the signal of a paramagnetic Cr III :MgO spin marker next to the sample (g = 1.9797). Powder spectra are labeled by the microwave frequency. Single crystals also require for each spectrum three Euler angles of a laboratory frame XYZ, in which B 0 is along the Z axis, the microwave field B 1 (normal to the rotation plane of B 0 ) is along the X axis, and Y = Z Â X, expressed in the xyz abc* or xyz vbu ''sample'' orthogonal frames (see Fig. 1a and b). These angles are needed to analyze the data because the orientation X of B 1 determines the line intensities of single crystals. The central field B 0 and the full width at half height (FWHM) O of the resonances were obtained from least squares fits of Lorentzian derivative line shapes to the observed single crystal spectra. We evaluated the g-values of the peaks of each spectrum from the distances in magnetic field to a field marker, whose g-value is well known. These distances, obtained from fits of spectra having a very high signal-to-noise ratio, are in general accurate within 0.1 mT, and better in the axes displaying minimum widths. Thus, due to the anisotropy of the spectra, the field orientation (or sample orientation) is the main source of the g-uncertainties in the values proposed in the single crystal measurements. We used EasySpin (v. 5.15), 53 a package of programs working under Matlab, 54 which together allow simulating and fitting a given Hamiltonian to spectral line shapes dw 00 /dB 0 vs. B 0 from powder and single crystal samples.
DFT calculations
For the DFT calculations we used the software Orca version 4.0.1, 55 with the B3LYP hybrid functional, 6-31G basis set, and spin unrestricted SCF (UKS). Hybrid functionals have been proved to provide good performance for d 9 complexes. 56 The calculated exchange interaction J c was obtained via the DFT-''broken symmetry'' (DFT-BS) approach following the methodology discussed by Levchenkov et al. for intermolecular exchange via N-HÁ Á ÁO bonds in copper complexes. 57 The coupling constant was obtained with a spin-Hamiltonian analysis based on H ¼ À2J c S A Á S B and J c = À(E HS À E BS )/[S max (S max + 1)]. 58 The input files are included with the ESI. † The copper ions are in five-coordinated sites ( Fig. 2) and, according to the value 0.49 calculated for the parameter t = (b À a)/60 (b and a are the two largest basal angles of a five coordinate metal, with t = 0 for ideal square pyramidal coordination and t = 1 for ideal trigonal pyramidal 59 ), in a heavily distorted square pyramidal structure, with the chlorine atom in an axial position, and the chelated ligands bipyridine and acylthiourea (Scheme 1) in equatorial positions of the coordination sphere ( Fig. 2 ). From this structural point of view, acylthiourea acts as an anionic ligand with bidentate equatorial coordination (S,O) and bipyridine through the equatorial nitrogens N3 and N4 to the Cu II ion. This view will be somewhat changed later by our results on the electronic structure. Upon metal coordination, the average bond lengths of thiocarbonyl and carbonyl moieties are longer than those for the free acylthiourea ligands. 60, 61 However, the C-N distances (N1-C1/N1 0 -C1 0 ; N1-C8/N1 0 -C8 0 ) are shorter. The changes of the bond lengths of the thiocarbonyl fragment (SCNCO) favour p-delocalization over the six-membered chelate ring, 62, 63 and the observed Cu-N and Cu-Cl bond lengths agree with reported values. 64 Intermolecular interactions supporting the crystalline structure are maintained by weak hydrogen bonds C-HÁ Á ÁO (2.68 Å), C-HÁ Á ÁCl (2.95-3.11 Å), and C-HÁ Á ÁN (3.69 Å), and by p-p-stacking between the bipy and benzoyl rings with C-C distances ranging between 3.29 Å and 3.61 Å (centroid-to-centroid average distances B3.56 Å). A more detailed analysis of intermolecular interactions is presented later in the context of the magnetic properties of the compound.
Infrared bands
The characteristic IR bands (KBr, in cm À1 ) of the free ligand N 0 ,N 0 -dimethyl-N 0 -benzoylthiourea are: n N-H = 3200, n CQO = 1690, n CQS = 1286, and n C-S = 875. The N-H band is absent in 1.264(6) S1-C8 1.727(6) N1-C1 1.323(7) N1-C8 1.337(7) N2-C8 1.339 (7) Bond angles [1] O1-Cu-S1 90.59 (12) 
the IR of the complex, demonstrating the anionic nature of acylthiourea upon coordination to Cu. The other bands shift to negative wavenumbers, n CQO = 1595, n CQS = 1244 and n C-S = 784, when compared with free ligands, indicating the p-electron delocalization induced by deprotonation of the nitrogen atom of the amide group, expected for the bidentate coordination (S, O) of acylthiourea to a metal. 65, 66 Weak vibrations at n Cu-O = 630, n Cu-N = 500, n Cu-S = 412 and n Cu-Cl = 271 cm À1 in the spectrum describing stretching frequencies are observed. 67 
EPR spectra
EPR spectra of single crystal and polycrystalline (powder) samples were collected at the Q-and the X-band and actual values of the microwave frequency were used to calculate the g-factors of each spectrum. In order to improve the quality of our experimental results we found it useful to collect Q-band data in two different sets of orientations of the single crystal sample as described in the experimental section. Although it was tempting to discard the powder data after collecting such an exhaustive single crystal set of data, we found that they contain highly clarifying findings, and we included these results. No hyperfine structure of the spectra is observed for any orientation of the sample in the magnetic field.
3.3.1 Single-crystal samples. The spectra were collected at intervals of 51 (or smaller in some angular ranges) over 1801 of each of the three main planes of samples abc* and vbu at the Q-band, and abc* at the X-band. At the Q-band two EPR peaks are observed for a general orientation of B 0 (see the example in Fig. 3 , collected at 293 K) and they merge to one peak for B 0 along the b-axis or perpendicular to it (ac* and uv planes), where the coppers are magnetically equivalent. Besides, the two peaks also merge abruptly within angular ranges around these symmetry orientations. The collected spectra were fit by Lorentzian derivative line shapes dw 00 /dB 0 in order to calculate the line positions and peak-to-peak widths O of the two (or one) peaks, as a function of field orientation.
Most of the data reported in this work were collected at 293 K with the idea that the important information for our purpose is independent of T. This hypothesis was verified by collecting some single crystal data in the range 120 K o T o 300 K. Fig. 4a -c display spectra obtained for B 0 along the a-axis, the temperature dependences of the area of the integrated signal (w 00 (B 0 )), and the peak-to-peak width of the signal. The 1/T dependence of the area clearly points to a paramagnetic behaviour. The broadening with increasing T of the width of the peak may be attributed to the expected shortening of the relaxation time of the copper ions. We also measured as a function of T the spectra observed in the neighborhood of the a-axis, as in Fig. 3 . The broadening at these angles is the same as at the a-axis, but due to the larger width of the signal, its fractional contribution to the total width is negligible.
The experimental values for the g 2 -factor and the line width O of the peaks at the Q-band are given by symbols in Fig. 5 and 6 , where the results in all studied planes are included. They depict a merging of the resonances and a simultaneous important narrowing g 2 -matrices whose matrix elements are given in Table 3 . Symbols and lines with red and blue color correspond to A and B copper sites. The black lines correspond to the average g 2 -matrix (eqn (3)) and the calculated elements of g 2 , g A 2 , and g B 2 -matrices are given in Table 3 . In (f) the principal directions (X g , Y g , Z g ) of the g-matrix are shown together with the copper ligands in CuBMB with the Z g axis approximately in the plane between the Cu-Cl and Cu-S bonds.
around the crossing points (a factor of 8 between specific field orientations), respectively. According to our discussion in the experimental section, any effect of the temperature is negligible when compared with the effect of angular variation in the line width (Fig. 6) . The spectra of a single crystal obtained at the X-band from sample abc* show only one peak for all orientations of B 0 . The g 2 -factor and width O obtained as for the Q-band spectra, but with one peak, are displayed in Fig. 7a and b. 3.3.2 Powder samples. Fig. 8 displays the spectra observed from powder samples at X-(a), and Q-bands (c). Fig. 8d -f display simulations performed as described below.
4 Exchange-coupled spins in a crystal lattice
Superexchange interactions
Anderson 68,69 explained formally the ''superexchange'' interaction between pairs of spins connected by a non-magnetic path introduced by Kramers. 70 His theory was enriched by Goodenough 71 and Kanamori, 72 who reported useful rules to calculate the magnitudes of these couplings. Years later, Hay et al. 73 and Kahn 74 added new theoretical concepts which are frequently used nowadays. Satisfactory agreement is obtained with these procedures between experimental and calculated exchange parameters in structures where the chemical paths supporting the superexchange are simple covalent bonds. 74 Great difficulties appear, however, in cases where the paths are very long, non-covalent or a combination of various segments which may interfere or contribute differently to the actual magnitude of the coupling. These weak couplings connecting metal ions or strongly coupled polymetallic molecules introduce spin dynamics and important quantum effects in molecular magnets 6, 75 and for quantum information processing 76, 77 that can be studied empirically in structurally characterized materials, and EPR is very appropriate for this purpose.
Chemical paths for superexchange in CuBMB
The space group P2 1 /c of CuBMB contains four symmetry related molecules M 1 to M 4 C 20 H 19 ClCuN 4 OS (shown in Fig. 2 ) per unit cell, with atoms at (x, y, z), (1/2 À x, 1/2 + y, 1/2 À z), (Àx, Ày, Àz) and (1/2 À x, 1/2 + y, 1/2 À z). M 2 is obtained from M 1 by a 1801 rotation around b; M 3 from M 1 by an inversion, and M 4 from M 1 by a 1801 rotation plus an inversion. There are many long paths for superexchange interactions between copper ions but, considering the short range of the coupling, it is appropriate to consider only the shortest ones connecting nearest neighbours. Fig. 9 (central) displays a projection of the central molecular core CuSON 3 N 4 Cl of M 1 plus (3)) to these data and the matrix elements of g 2 are given in Table 3 . those corresponding to the six nearest molecules with coppercopper distances shorter than 10 Å, which may be grouped by pairs of molecules M i containing coppers Cu i , as the shortest paths between copper neighbours. Each Cu 1 atom is equally connected to two Cu 2 atoms at 8.575 Å along equatorial-equatorial uniform zig-zag chains -Cu 1 -Cu 2 -Cu 1 -Cu 2 -running in the b-direction with uniform coupling J 2 , connected by chemical paths having six diamagnetic atoms P 1À2 ¼ Cu 1 ÀSÀC8ÀN2ÀC9ÀH Á Á Á N3ÀCu 2 ( Fig. 9(I-a) ) with total length 12.97 Å along paths including H-bonds C-HÁ Á ÁN (underlined) between a methyl carbon of the L ligand to one copper, and a N of the bipy ligand of the following copper. There are two closest Cu 3 neighbours to a Cu 1 related by inversion centres at 6.321 Å (Cu 3a ) and 6.636 Å (Cu 3b ) in Fig. 9 (I-c). They give rise to chains -Cu 1 -Cu 3 -Cu 1 -Cu 3 -along the a-direction, connected with alternate paths P 1À3;a ¼ Cu 1 ÀC1ÀH31ÀC31ÀN3ÀCu 3 , with total length 9.88 Å, and P 1À3;b ¼ Cu 1 ÀC1ÀH41ÀC41ÀN4ÀCu 3 , with total length 9.67 Å, both containing four similar diamagnetic atoms and including hydrogen bonds C-HÁ Á ÁCl connecting apical Cl atoms of one Cu with bipy carbons of the other. Alternate couplings J 3a and J 3b are different because P 1-3,a includes an important stacking of bipy rings of Cu 1 and Cu 3 at B3.5 Å, and none appears in P 1-3,b . A third pair of connections of Cu 1 (see Fig. 9 (I-b)) is with two Cu 4 at 8.810 Å (Cu 1 and Cu 4 are related by a 1801 rotation plus an inversion), giving rise to zig-zag chains. These equatorial-equatorial paths Cu 1 ÀN4ÀCÀCÀC43ÀH43ÀOÀCu 4 involve 6 diamagnetic atoms including a bipy ring and a C-HÁ Á ÁO bond, with total length 11.68 Å along the bond ( Fig. 9(I-b) ). Copper neighbours of the same type (as Cu 1 -Cu 1 ) at distances equal to or longer than a = 11.979 Å are ignored, as are also ignored the interactions with second Cu neighbours of all types that generate distributions of the couplings around the central values. The couplings J 2 and J 4 occur with two symmetrical neighbours (z 2 = z 4 = 2). Obviously, each of the four symmetry related coppers in the lattice has the same neighbourhood described for Cu 1 . In summary, the paths connecting copper ions in CuBMB are long and complex including both H-bonds and p-stacking.
Lattice symmetry and spin Hamiltonian description
Each Cu type in CuBMB gives rise to a spin-sublattice and to an EPR spectrum which depends on the properties of the site. Since coppers differing by an inversion operation are magnetically equal, we consider only two different sublattices, A, containing Cu 1 and Cu 3 , and B, containing Cu 2 and Cu 4 , whose spectra differ by a C 2 rotation around b. The main contributions to the spin Hamiltonian H 0 are the Zeeman interaction with the field B 0 , and the isotropic intrasublattice and intersublattice exchange interactions J ab ij (|J i | { hn) between Cu neighbours in the same or in different sublattices, written as:
where g a is the g-matrix of Cu ions in the sublattice a and S ia is the spin of the Cu a in the unit cell i. The sums of exchange terms are over the six closest neighbours. H 0 also includes anisotropic spin-spin terms H ss (mainly dipole-dipole interactions which are not detailed in eqn (1) the sublattices A and B give rise to EPR peaks at g a = (gÁg a Ág a Ág) 1/2 , 30 and the spectrum of a single crystal is the sum of the spectra of the sublattices modified by the exchange coupling. To analyse these modifications, we write the Zeeman contributions to eqn (1) for a = A and B as:
where g = 1/2(g A + g B ) and G = 1/2(g A À g B ). For magnetically equal neighbour pairs as occurs for Cu 1 -Cu 3 (see Fig. 9c ), G = 0 and the second Zeeman contribution to eqn (2) cancels. Since intrasublattice exchange interactions with magnitudes J 3a and J 3b commute with the total spin of the sublattice, they do with the Zeeman interaction, and do not change the positions of the resonances. However, these terms do not commute with the anisotropic spin-spin interaction H ss , and modify the widths of the peaks. Intersublattice exchange interactions such as J 2 and J 4 arising from the contacts shown in Fig. 9(I-a) and (I-b) modulate and average out terms proportional to G a 0, producing additional changes to the widths and modifying the positions of the peaks. 17 So, different sources of narrowing and shifting the resonances provide complementary information. Both coupling pairs J 3a and J 3b , and J 2 and J 4 produce equal effects and cannot be distinguished experimentally. The two EPR peaks merge to one peak when the intersublattice exchange coupling becomes equal to the anisotropic Zeeman contribution to eqn (2) proportional to G = 1/2(g A À g B ). So, when the intersublattice exchange coupling is negligible compared with the anisotropic Zeeman contribution proportional to G for a particular orientation of B 0 , the full Zeeman interaction of eqn (1) applies, and we observe as a function of angle two resonances with g-factors g A and g B , allowing us to calculate from these data the matrices g A 2 and g B 2 . Instead, if the exchange coupling between sublattices A and B is larger than the Zeeman splitting this is averaged out and we observe a single resonance with an angle dependent g-factor g = 1/2(g A + g B ) that allows us to evaluate the components of the matrix g 2 = 1/2(g A 2 + g B 2 ). There are field orientations where the resonances are merged, and others where they are split, and a transition between these situations is produced by varying the orientation of B 0 , as shown in Fig. 5 . In addition, strong changes of the line width O are observed in the merged ranges ( Fig. 6 ).
Calculated results
Evaluation of the g 2 -matrices of the Cu II ions
From the full set of data in each of the two regimes we calculate the components of the matrices g 2 , or g A 2 and g B 2 by global least-squares fits of the function: 78 g 2 (y,f) = gÁgÁgÁg = (g 2 ) xx sin 2 ycos 2 f + (g 2 ) yy sin 2 ysin 2 f + (g 2 ) zz cos 2 y + 2(g 2 ) xy sin 2 ysin fcos f + 2(g 2 ) xz sin ycos ycos f + 2(g 2 ) yz sin ycos ysin f
to data in each regime. It has to be noted that the exchange couplings average out the g-values of the two peaks but the experimental results are the values of g 2 , a condition that has to be considered in the calculations. 79, 80 The matrix elements of g A 2 and g B 2 were obtained by fitting data at the Q-band in angular regions of Fig. 5 where the peaks are well split or the collapse is due to symmetry conditions. 26 As the spectra collected in fully-split angular ranges are few, we obtained the components of g A 2 and g B 2 as those producing lines tangent to the experimental results in Fig. 5 . Besides, the data in the bv plane (see Fig. 5 ), where the peaks A and B are fully collapsed, not as a consequence of a symmetry condition as in the ac plane, but because two contributions cancel out, were particularly useful to gain accuracy in these fits, and provided an important contribution of the data for sample ubv of Fig. 1 . The fit of the data in Fig. 5 in angular regions where the peaks are fully collapsed allows obtaining the matrix elements of g 2 = 1/2(g A 2 + g B 2 ), according to the justification given before. Equal results for the matrix elements of g 2 were obtained by averaging the experimental values of g A 2 and g B 2 at the Q-band and fitting them with eqn (3). Another set of components of the g 2 -matrix was obtained by fitting eqn (3) to the results in Fig. 7 at the X-band, where the resonances are merged for all field orientations. The components of g 2 , g A 2 and g B 2 are
given in Table 3 and the calculated values are shown with solid lines in Fig. 5 and 7a . The good agreement between the values obtained from the different sources of data confirms the hypotheses made. The FWHM line widths O observed in the six studied crystal planes Table 3 Components of the g 2 -matrices obtained from EPR data for single crystal and powder samples at Q and X-bands shown in Fig. 5-8 Matrix elements
Single crystal Q-band (global fit of split-phase) g at the Q-band and the three planes at the X-band ( Fig. 6 and 7b) are the other piece of experimental information. There is a nearly isotropic residual width of B5.8 mT (weakly dependent on temperature) similar at both bands, and strong angular variations in the ba, bc* and bv planes, with widths that narrow by a factor of up to B8 at the Q-band with minima (residual width) in the axes a, b, c* and u in the planes ba, bc* and bu, analysed below. The relations of the eigenvalues and eigenvectors of g 2 , g A 2 and g B 2 with
the structure and the electronic wave functions of the copper ions in CuBMB are modelled below.
5.2
Evaluation of the exchange parameters 5.2.1 Single-crystal data. We evaluate here the exchange interactions J i from the data in Fig. 5 and 6 using basic results of Anderson's theory. 12, 13 We do that by plotting in Fig. 10a -f the ratio R = dB/|dB 0 | between the observed and calculated (from the values of G) field distances dB and dB 0 between the two split peaks, as a function of the modulus of the calculated distances for B 0 in the neighbourhood of the a and b axes in the ba plane, the b and c* axes in the bc* plane and the b and u axis in the bu plane. R = 0 corresponds to fully merged peaks, and R = 1 to fully split peaks. The observed curves display transition points between two and one peaks where the merging becomes complete. The results in Fig. 10 are explained 21, 26 in terms of the exchange frequency o g ex , associated with spin correlation functions related to the merging process, and thus with the exchange couplings J i connecting rotated spins as, 12, 26 R ¼ dB
in agreement with the result in Fig. 10 , and allowing us to obtain h o g ex from the merging condition as:
where Dg calc ðy;fÞ ¼ g A ðy; fÞÀ g B ðy; fÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðy; fÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi g Á g 2 Á g p and the calculated values of h o g ex along the directions g where the full mergings are reached in Fig. 5 are given in Table 4 .
In Fig. 11a-f we plot the FWHM width O as a function of the calculated distance |dB 0 | to the central position, for each central direction. Following Anderson, 12, 13 Passeggi and Calvo 21 proposed that in the merged phase, the FWHM is given by the relation:
where o O ex is associated with spin correlation functions related to the narrowing process and O 0 considers contributions to O arising from other mechanisms that are nearly isotropic, as shown in the ac and uv planes of Fig. 6c and d . Eqn (6) predicts a width proportional to the square of the microwave frequency n and the factor ffiffiffiffiffi ffi 2p p considers that we measure FWHM widths of Lorentzian derivative signals. 21 The data were fitted to the quadratic dependence on Dg calc (solid lines in Fig. 6a, b and e, enlarged in Fig. 6f and Fig. 11a-f ), and the calculated values of o O ex are collected in Table 4 . The relations between o g ex and o O ex , and the intra-and intersublattice exchange parameters are:
where z 2 = z 4 = 2 are the numbers of Cu 2 and Cu 4 neighbours of a Cu 1 . Eqn (7) and (8) allow estimating the magnitudes of the Table 4 from the measured exchange frequencies,
where no information about the signs of the exchange couplings J i is obtained. 5.2.2 Powder data. The spectrum dw 00 /dB 0 of a powder sample at the X-band ( Fig. 8a) was simulated using EasySpin 53 with the g-factors calculated from the single crystal study given in Fig. 8a and Table 3 . We assumed that the widths of the peaks vary with angle as an ellipsoid with the same principal axes as the g-matrix, and optimised their principal values with a fit to the powder spectrum keeping fixed the g-factors obtained in the single crystal measurements. Clearly, the small differences between experimental ( Fig. 7) and simulated X-band powder spectra (Fig. 8b) arise from the assumption about the angular dependence of the widths of the peaks. The spectrum at the Q-band (Fig. 8c ) displays a novel result which to our knowledge has not been reported before. At this microwave frequency, the spectrum of a powder sample of spins 12 with a non-axially symmetric g-matrix is expected to display three resolved peaks at the three eigenvalues of the g-matrix, g 1 o g 2 o g 3 . 30 Instead, we observe (Fig. 8c ) the sum of two spectra like this, with different intensities, values of g 1 and g 3 and widths. This is equivalent to having a sample containing two different spin species, as represented with the cartoon in Fig. 12 , where green microcrystals and spectra are in the split-peak phase (having a larger field span and widths) and blue crystals and spectra are in the merged-peak phase (entangled-spins with smaller line widths, see inset (a) of Fig. 12 ). We proved that hypothesis by integrating the experimental result dw 00 /dB 0 to calculate the absorption powder spectrum w 00 (B 0 ), and simulating it as the sum of absorption spectra of the merged and split phases with coefficients F and (1 À F), w 00 (sim.) = C[Fw 00 (merged-phase) + (1 À F)w 00 (split-phase)]
We used the spin Hamiltonian parameters obtained from the powder spectrum at the X-band to simulate the merged phase spectrum, and parameters of the single crystal spectrum at the Q-band for the split phase (in this case the widths were obtained by optimizing the simulation of the spectrum in Fig. 8c ). The factor C in eqn (10) depends on the total mass of the powder sample, but the factor F is the portion of the sample in the entangled phase, which depends on the couplings | J i | and on the microwave frequency, and is a consequence of the transition displayed in Fig. 10 and 11 . The calculated spectra in the two phases are displayed in Fig. 8d and e and F was obtained from a least squares fit of eqn (10) to the data. This fit indicates that at the Q-band F = 28% of the micro crystals are in the ''merged-signal'' phase, and 72% in the ''split-signal'' phase, and the spectrum simulated is shown in Fig. 8f . Instead, at the X-band, B100% of the micro crystals are in the merged-signal phase (F E 100%), and at higher microwave frequencies (e.g., n B 94 GHz), the powder sample is expected to contain most micro crystals in the split-signal phase. This behaviour is displayed in the inset of Fig. 12 , where we plot F as a function of the average intersublattice exchange interactions at three microwave frequencies. We obtained these curves with a geometric model assuming that the microcrystals in the powder in which the distance between the resonance peaks is smaller than the average exchange coupling, |g A (y,f) À g B (y,f)|m B B 0 r |J i |, are in the merged (''blue'') phase. We summed over a sphere the number of microcrystals in the merged phase for the case of CuBMB using the values of g A (y,f) and g B (y,f) calculated from the matrices in Table 3 over a large set (10 000) of equally spaced orientations (y,f) obtained with the program Repulsion. 81 Our result supports the added convenience of powder spectra to estimate exchange couplings in weakly coupled compounds. One should note that the experimental uncertainty is large because of baseline problems.
DFT calculations
The molecular reference system based on the electronic configuration is given by the axes (X g , Y g , Z g ) corresponding to the principal directions of the g-matrix. The angles between the principal directions of the g-matrix and the Cu-ligand directions calculated both from EPR and DFT are in reasonable agreement and shown in Table 6 . The directions (X g , Y g , Z g ) obtained experimentally (black) and ([X g ], [Y g ], [Z g ]) (gray) obtained numerically are depicted in Fig. 5f , where X g ([X g ]) is pointing close to the direction of the Cu-O bond, Y g ([Y g ]) is close to the Cu-S bond, and Z g ([Z g ]) lies between the directions of the Cu-Cl and Cu-S bonds. The experimental and calculated principal values of the g-matrix are in good agreement as shown in Table 4 . The Z g direction is canted from the Cu-Cl bond direction and limits the description of the electronic structure based on square planar symmetry for the so called equatorial direction of the crystal structure. The calculated exchange parameters are shown in Table 5 and are in good agreement with the experimental values. The spin density plot is shown in Fig. 13 and supports the depicted exchange pathways with non-zero spindensities on the ligands. The output file is included with the ESI. † 6 Discussion
Electronic structure of isolated molecules
Detailed EPR experiments in six crystal planes allowed us to evaluate the g 2 -matrix for Cu II sites in CuBMB which is related to the electronic wavefunctions. The calculated eigenvectors (X g , Y g , Z g ) show a molecular frame oriented in an uncommon orientation for a square pyramidal structure, indicating a highly distorted electronic structure which recalls the situation of the so-called blue proteins, in which a back donation effect is caused by the sulfur ligand, 82,83 a situation rarely reported for small copper organic complexes like CuBMB. Further evidence of this uncommon result is offered by our DFT calculations that show relevant electron density around the Cl ligand. This result contrasts with that expected for an apical ligand in a more standard Cu II ion with a d x 2 Ày 2 ground orbital state and the Cl atom in an apical position.
Intermolecular superexchange couplings
We observe a dispersion of B20% for o g,O ex along rows of Table 4 . This comes from simplifications of our approximate model for the | J i |, that do not take into account the distribution Table 5 Exchange frequencies obtained via DFT-BS modeling for individual pairs of molecules according to the exchange pathways depicted in Fig. 9 . Combinations of exchange parameters for comparison with the experimental values in Table 4 J c 3a [cm À1 ] À0.06 J c 3b [cm À1 ] 0. other mentioned cases, produce the observed transitions. The widths of these transitions in angular coordinates displayed in Fig. 5 and 6 depend on the distribution of magnitudes of the exchange interactions within the lattice. The transition is T independent and could in principle be studied in many appropriate paramagnetic crystalline spin arrays. EPR allows studying the characteristics of these phases and following the dynamical properties of the transition. They are also related to transitions of interacting metal-dimeric arrays, 39, [41] [42] [43] displaying changes in the EPR spectra which in this case are strongly dependent on T as a consequence of changes in the population of the levels. 43 We are presently studying other cases of these transitions that, as described by Pastawski, 89 are ubiquitous in nature, showing up in multiple contexts. For simplicity we did not discuss the effects of the hyperfine couplings provided that they are suppressed by comparatively larger exchange interactions playing a role in the EPR spectra of CuBMB.
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